Introduction {#s1}
============

Combustible cigarette smoking remains the leading cause of preventable disease and death worldwide. Smokers are exposed to significant levels of carcinogens and other toxicants known to cause cancer and serious cardiovascular, respiratory, and reproductive harm.^[@CIT0001],[@CIT0002]^ Such toxicants---or their surrogates in the form of analogs, degradants, and metabolites---are readily detectable in the urine and bloodstream of tobacco smokers and are collectively known as biomarkers of exposure (BoEs).^[@CIT0003],[@CIT0004]^

A 2018 National Academies of Science, Engineering and Medicine consensus report and other reports have concluded that "there is substantial evidence that except for nicotine, under typical conditions of use, exposure to potentially toxic substances from e-cigarettes is significantly lower compared with combustible tobacco cigarettes." ^[@CIT0005],[@CIT0006]^ Evidence suggests that adult smokers who completely switch from combustible cigarettes to electronic nicotine delivery system (ENDS) products may also reduce short-term adverse health outcomes.^[@CIT0007],[@CIT0008]^ Accordingly, complete switching from combustible cigarettes to ENDS has been endorsed by some US and international health organizations as a route for potential harm reduction for adult smokers who are unable or unwilling to quit tobacco use.^[@CIT0009]^

ENDS compose a heterogeneous set of products with numerous devices of various operating designs currently available to consumers, and their potential role in tobacco harm reduction remains controversial due to gaps in evidence.^[@CIT0010]^ To better understand the risk profile of individual ENDS products, it is critical to characterize how each design affects user exposure to potential toxicants. The JUUL nicotine-salt pod system (NSPS; JUUL Labs, Inc., San Francisco, CA) is a fully closed ENDS that delivers aerosol to the user through the vaporization of an e-liquid containing propylene glycol, glycerol, flavorants, nicotine, and benzoic acid. A temperature control system integrated into the breath-actuated inhalation pathway is designed to maintain a consistent operating temperature, independent of puff intensity, to minimize the creation of combustion-related by-products under a range of conditions, including "dry wick." ^[@CIT0016]^ Thus far, data assessing exposure to key BoEs among adult smokers who switch to NSPS has been limited to demonstrations of reduced exposure to carbon monoxide associated with acute use of NSPS versus combusted cigarettes, and indirectly through toxicological studies comparing harmful and potentially harmful constituent (HPHC) emissions of NSPS versus combusted cigarettes.^[@CIT0017]^

This randomized, open-label, parallel-cohort study was designed to evaluate whether exposure to key toxicants would be reduced when adult smokers completely switch from their usual cigarette brand to exclusive use of the NSPS during confinement over 5 days in a controlled environment. As a secondary aim, the study compared changes in 5-day values for each BoE between the cohorts of smokers assigned to NSPS, usual brand of combustible cigarette and smoking abstinence. We hypothesized that smokers who replaced their usual-brand combustible cigarettes with exclusive use of NSPS for 5 days (vs. continuing to smoke usual-brand combustible cigarette) would experience a significant reduction in non-nicotine BoEs. Post hoc analyses evaluating the reductions in non-nicotine BoEs observed between the NSPS and smoking abstinence cohorts were also conducted.

Methods {#s2}
=======

Participants {#s3}
------------

The study population (*N* = 90) consisted of healthy adult smokers aged 22--62 years who reported smoking 10 or more manufactured (king-size or 100s) combustible cigarettes per day for at least 12 months, were naive to use of ENDS products, and were willing to be confined to a clinical research setting (Celerion, Lincoln, NE) for the study duration. Participants were recruited from the area surrounding study site in Lincoln, NE. Smoking status was confirmed via urine cotinine (≥500 ng/mL) and exhaled carbon monoxide (\>12 ppm) testing. Participants were excluded for presence of clinically significant health issues or illnesses that in the opinion of the Investigator would jeopardize the health of the subject or impact the validity of the study results (particularly, diabetes, asthma, chronic obstructive pulmonary disease, and cancer), body mass index \> 40 kg/m^2^ or \< 18 kg/m^2^, history of substance abuse, pregnancy or lactation, use of medications known to interact with cytochrome P450 (CYP) 2A6 within 14 days or 5 half-lives of the drug prior to check-in, use of nicotine products other than manufactured combusted cigarettes within 14 days prior to check-in, use of prescription smoking cessation treatments within 3 months prior to check-in, and donation of blood or blood components within 56 days prior to check-in.^[@CIT0020]^ Participants were also excluded if they indicated unwillingness to use the NSPS products during the study after the initial product trial period. The study was carried out in accordance with Food and Drug Administration (FDA) and International Council on Harmonisation (ICH) guidelines regarding Good Clinical Practice and the ethical principles set forth in the Declaration of Helsinki. The study protocol and informed consent form were reviewed and approved by the Chesapeake Institutional Review Board (Columbia, MD). All participants provided informed consent and were compensated for their participation. The study was registered at <https://clinicaltrials.gov> (Identifier: NCT03463837).

Study Design {#s4}
------------

[Figure 1](#F1){ref-type="fig"} depicts the study design and timeline. Eligible participants completed a randomized, open-label, parallel-cohort study while confined to an inpatient clinic over the course of 9 days. Participants were randomized into one of six product cohorts (n = 15 per cohort): (1) NSPS Virginia Tobacco flavor; (2) NSPS Mint flavor; (3) NSPS Mango flavor; (4) NSPS Creme flavor; (5) usual-brand combustible cigarette; and (6) smoking abstinence. Baseline assessments were made during a 2-day period while participants smoked their usual cigarettes. Beginning on the first day of the exposure assessment period, participants exclusively used their randomly assigned study product (i.e., NSPS or combustible cigarette) ad libitum in designated, supervised smoking areas, or underwent nicotine/tobacco product abstinence for five consecutive days. Urine samples were collected during the baseline assessment period and on the last day of the exposure assessment period, and blood samples were collected on each study day for analysis of BoEs. Subjective measures of urge to smoke and nicotine dependence were also assessed at baseline and at the end of the study.

![Overall study design.](ntz206f0001){#F1}

Study Procedure {#s5}
---------------

Participant screening took place during the 28 days prior to the beginning of the study. Screening evaluations included a physical examination (vital signs and ECG), spirometry, urine alcohol and drug screening, exhaled carbon monoxide, urine cotinine assessment (CO \> 12 ppm and urine cotinine ≥ 500 ng/mL), and serum pregnancy tests for females. At this time participants also completed questionnaires assessing demographic and smoking characteristics and were required to complete a 30-minute product trial in which they self-administered each of the four flavors of NSPS selected for this study.

Participants who successfully completed the screening evaluation were invited to enroll into the study. Upon arriving at the clinical research facility for check-in, additional safety evaluations were performed. Study participants had their personal belongings thoroughly examined and were required to shower and receive clean articles of clothing. All participants were allowed to smoke their usual-brand cigarette during the screening process until 23:00 on the day preceding randomization. Participants randomized to the NSPS or combustible cigarette cohorts began exclusive use of their assigned study product on each day of the exposure assessment period. Product use was ad libitum upon request to the study staff from 07:30 until 23:00 with limited exceptions (i.e., during meals or study assessments). NSPS pods that were fully consumed or failed to work properly were replaced by study staff, and new devices were provided to participants for product use on each study day. To avoid potential secondhand exposure, smoking and NSPS use were restricted to separate sections of the clinic. Further participants randomized to the abstinence cohort did not use any tobacco/nicotine-containing products throughout the 5-day assessment period and were housed separately from the other smoking and NSPS cohorts.

Total voided urine samples were collected during 24-hour time periods per subject per day at baseline (from 07:30 on Day −1 until 07:30 on Day 1) and following 5 days of product use (from 07:30 on Day 5 until 07:30 on Day 6). All urine collected during each 24-hour interval were pooled together and weighed. Blood samples were collected via direct venipuncture daily from Day −1 through Day 5 at approximately 19:00 and were preceded by a minimum 15-minute abstention from study product use. NSPS consumption during each day was quantified by comparing pod weight before and after use. On Day −1 and Day 5, participants also completed measures of urge to smoke and nicotine dependence at approximately 20:00.

Nonabstinence cohorts participated in further evaluation of pharmacokinetics over two additional study days; results will be discussed in future publications.

Test Products {#s6}
-------------

The four JUUL NSPS products evaluated in this study were closed systems consisting of the rechargeable device and disposable pods pre-filled with 0.7 mL of 5% nicotine-salt solution by weight (0.77 g of e-liquid per pod, 59 mg/mL of nicotine, i.e., 40 mg nicotine per pod).^[@CIT0016]^ NSPS products comprised four commercially available flavors: Virginia Tobacco, Mint, Mango, and Creme. Participants randomized to the usual-brand combustible cigarette cohort provided their usual-brand combustible cigarette in unopened packs at study check-in. Unused cigarettes were returned to each participant at study completion, and participants were reimbursed for the cost of cigarettes consumed during the study. All products were stored in a locked, limited-access area in the study site and kept at controlled room temperature (15--30°C \[59--86°F\]).

BoE Evaluation and Quantification {#s7}
---------------------------------

BoE analytes collected in urine for primary outcome measures included *N*-nitrosonornicotine (NNN), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), 3-hydroxypropyl mercapturic acid (3-HPMA), monohydroxybutenylmercapturic acid (MHBMA), and S-phenylmercapturic acid (S-PMA); carboxyhemoglobin (COHb) was collected in blood and hydroxymethyl propylmercapturic acid (HMPMA), 2-cyanoethylmercapturic acid (CEMA), and 1-hydroxypyrene (1-OHP) in urine. A list of BoEs and their parent compounds is provided in [Supplementary Table S3.](#sup3){ref-type="supplementary-material"} Nicotine equivalents (nicotine, cotinine, trans-3'hydroxycotinine, and glucuronides) were collected in urine, and nicotine, cotinine, and trans-3′hydroxycotine were measured in blood as secondary outcome measures. The panel of BoEs selected represents chemicals or classes of chemicals identified by FDA as HPHCs and has been reported previously.^[@CIT0008],[@CIT0021]^

Each BoE was measured using validated methods by Celerion (Lincoln, NE) based on FDA's Guidance to Industry for Bioanalytical Method Validation (2001), Good Laboratory Practices (per 21 CFR Part 58), and the EMEA Guideline on Bioanalytical method validation (EMEA/CHMP/EWP/192217/2009 Rev. 1 Corr.2). Urine BoEs were analyzed using HPLC-MSMS and COHb was analyzed using spectrophotometry.

The urine biomarker concentrations were converted into biomarker quantities excreted in 24 hours by multiplying the measured concentration by the total volume of urine produced by the subject in the 24-hour period. Absolute change and percent change from baseline were calculated by referencing baseline (total mass excreted over 24 hours recovered at baseline) and post-baseline (Days 5--6) measurements as follows:
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Note that the absolute and percent change from baseline were calculated at the individual subject level prior to summary (i.e., mean, median, range, CI, etc.). However, when reporting pooled results across all BoEs, the statistics (i.e., mean) at the individual BoE level were further combined (i.e., averaged) to obtain an overall summary.

Nicotine Dependence and Urge to Smoke {#s8}
-------------------------------------

At the time of check-in of clinic confinement, participants completed the Fagerström Test of Cigarette Dependence, a six-item measure of cigarette-based nicotine dependence on a 10-point scale, for characterization of baseline nicotine dependence. The total cigarette dependence score from the brief version (37 items) of the Wisconsin Inventory of Smoking Dependence Motives (WISDM) was administered at 20:00 on Day −1 and Day 5 to assess potential changes in factors influencing dependence during the study.^[@CIT0025]^ Severity of urge to smoke was assessed on a 100-point visual analog scale with anchors of "Not at all" and "Extremely" at approximately 20:00 on Day −1 through Day 5.

Adverse Events {#s9}
--------------

Incidence of adverse events (AEs), and other safety end points, including vital signs, clinical laboratory tests, and physical examinations, as well as NSPS device malfunction or misuse, were also evaluated over the study period. The severity of each AE was rated by the investigator using a 3-point scale of mild, moderate, or severe.

Data Analysis {#s10}
-------------

The study was powered to assess changes in primary urine and blood BoEs following a 5-day, exclusive-use period of four NSPS cohorts relative to baseline. Assuming the reduction trends in BoEs observed from prior publication,^[@CIT0004]^ 10 subjects would be sufficient to detect a significant decrease in any primary BoE with a minimum of 96% power at the one-sided .05 alpha level ([Supplementary Tables S1](#sup1){ref-type="supplementary-material"}). Primary analyses utilized one-tailed paired *t*-tests to compare the change from baseline values for total urinary NNN, NNAL, 3-HPMA, MHBMA, and S-PMA mass excreted, blood COHb, and secondary BoEs across each NSPS cohort. In addition, a linear mixed model analysis of variance compared all between-cohort differences in the absolute change from baseline values of each of the primary and secondary BoEs. The within-cohort differences in urge to smoke values, and Brief-WISDM subscales, total score from baseline to Day 5 were compared using two-tailed paired *t*-tests. Data analyses were carried out using SAS software version 9.3 (SAS Institute, Cary, NC) with differences considered statistically significant at an alpha level of .05.

Results {#s11}
=======

Participant Accrual and Demographic Characteristics {#s12}
---------------------------------------------------

Between February and July 2018, 180 volunteers were screened and 90 subjects (56 males and 34 females) were enrolled and randomized to the six study cohorts (n = 15 each). Approximately a quarter of ineligible participants (26.1%) failed laboratory screening, 17.0% failed vitals, 17.0% did not agree to study confinement restriction, 9.1% failed spirometry, 6.8% failed the exhaled carbon monoxide breath test, and the remaining 24.0% had a scheduling conflict or did not meet other study eligibility criteria. Demographics and baseline characteristics were similar between cohorts ([Table 1](#T1){ref-type="table"}). The sample was composed of adult smokers (*M* \[*SD*\] age = 39.1 \[11.4\]), who were predominantly male (62.0%) and Caucasian (80.0%). Subjects reported, on average, moderate nicotine dependence on the Fagerström Test of Cigarette Dependence (M \[*SD*\] = 5.3 \[1.6\]) and smoked 16.2 (*SD* = 3.6) cigarettes per day. All participants randomized to the use of NSPS (n = 60) and usual cigarettes (n = 15) completed the study. Four participants from the abstinence arm terminated early (n = 11; 73% completion rate in-arm) for personal reasons.

###### 

Baseline demographics and characteristics (safety population)^a^

  Parameters                          NSPS cohorts                                             Pooled        Combustible cigarette   Abstinence    Overall
  ----------------------------------- -------------- ------------- ------------- ------------- ------------- ----------------------- ------------- -------------
  *n*                                 15             15            15            15            60            15                      15            90
  Age, y                              37.1 ± 7.8     35.5 ± 13.1   41.2 ± 10.0   42.1 ± 11.4   39.0 ± 10.9   40.3 ± 11.1             38.6 ± 14.3   39.1 ± 11.4
  Sex, male %                         10 (67)        10 (67)       9 (60)        8 (53)        37 (62)       9 (60)                  10 (67)       56 (62)
  Race                                                                                                                                             
   American Indian or Alaska Native   0 (0)          0 (0)         0 (0)         0 (0)         0 (0)         1 (7)                   1 (7)         2 (2)
   Black or African American          2 (13)         1 (7)         3 (20)        3 (20)        9 (15)        1 (7)                   3 (20)        13 (14)
   White                              12 (80)        14 (93)       11 (73)       12 (80)       49 (82)       13 (87)                 10 (67)       72 (80)
   Other/multiple                     1 (7)          0 (0)         1 (7)         0 (0)         2 (4)         0 (0)                   1 (7)         3 (3)
  Ethnicity                                                                                                                                        
   Hispanic or Latino                 0 (0)          0 (0)         1 (7)         1 (7)         2 (3)         2 (13)                  0 (0)         4 (4)
   Not Hispanic or Latino             15 (100)       15 (100)      14 (93)       14 (93)       58 (97)       13 (87)                 15 (100)      86 (96)
  BMI, kg/m^2^                        26.9 ± 5.8     27.1 ± 4.4    29.8 ± 5.6    29.1 ± 5.5    28.2 ± 5.3    27.8 ± 4.3              27.5 ± 5.7    28.0 ± 5.2
  Cigarette dependence (FTCD)         5.4 ± 1.6      5.5 ± 1.4     5.3 ± 1.4     5.8 ± 1.8     5.5 ± 1.5     4.9 ± 1.7               5.2 ± 1.4     5.3 ± 1.6
  Cigarettes per day                  15.8 ± 3.0     15.4 ± 3.4    16.8 ± 3.5    17.9 ± 5.0    16.5 ± 3.8    15.1 ± 3.7              16.2 ± 2.6    16.2 ± 3.6

BMI = body mass index; VT = Virginia Tobacco; FTCD = Fagerström Test for Cigarette Dependence (range: 0--10); NSPS = nicotine-salt pod system.

^a^Data are presented as *n* (%) or mean ± *SD*.

Nicotine Intake and Product Consumption {#s13}
---------------------------------------

Across the 5-day study period, mean total urine nicotine equivalents (mg/24 hr) decreased by 96.4% in the abstinence cohort and increased in both the pooled NSPS (+9.2%, calculated at the population level) and usual-cigarette cohorts (+26.1%) (NS \[*p* \> .05\] for pooled NSPS vs. usual cigarette; [Figure 2](#F2){ref-type="fig"}). Change in mean total nicotine equivalents was closest to the usual-cigarette cohort in the Mango NSPS cohort (increase of 25.3%) and was statistically significant (*p* = .045). For Creme (+14.9%), Mint (+2.9%), and Virginia Tobacco (decrease of 6.5%), the change from baseline observed was not statistically significant.

![Mean change in total nicotine equivalents (Day 5 vs. Baseline). Data are presented as percent change: %, Day 5 vs. Baseline = (\[Day 5 − Baseline\]/Baseline) × 100. VT = Virginia Tobacco.](ntz206f0002){#F2}

On Days 4--5, the pooled NSPS cohorts consumed an average of 0.79 g per day of e-liquid (0.39 *SD*; [Supplementary Table S2](#sup2){ref-type="supplementary-material"}). On Day 5, mean total urine nicotine equivalents were 18.3 mg/24 hr (10.2 *SD*) for the pooled NSPS cohorts. The usual-brand combustible cigarette cohort consumed an average of 19.3 cigarettes per day (4.87 *SD*) and had total urine equivalents of 19.0 mg/24 hr (4.5 *SD*). Under these experimental conditions, consumption of one pod equivalent of e-liquid was associated with an observed concentration of total nicotine equivalents that was approximately 91% of the concentration associated with consumption of a pack of combustible cigarettes.

Estimated cigarette-pack total nicotine equivalents per pod consumed were similar across NSPS flavors, with Mint (85% cigarette-pack nicotine equivalents per pod) and Mango (89%) trending slightly lower than Virginia Tobacco (96%) and Creme (97%) cohorts.

Change in Non-nicotine BoE {#s14}
--------------------------

All non-nicotine BoEs decreased relative to baseline in the abstinence and pooled NSPS cohorts. Conversely, all non-nicotine BoEs except 1-OHP and HMPMA increased in the usual-cigarette cohort ([Figure 3](#F3){ref-type="fig"}; [Supplementary Tables S4](#sup4){ref-type="supplementary-material"} and [S5](#sup5){ref-type="supplementary-material"}). Across cohorts and NSPS flavors, the mean percent reduction for each BoE was comparable between the pooled NSPS and abstinence cohorts (NS for each BoE). In aggregate, the eight urine BoEs were reduced by 85.3% in the abstinence cohort and 85.0% in the pooled NSPS cohort (NS), resulting in a 99.6% relative overall reduction in the BoEs studied (data were calculated at the population level). Comparatively, urine biomarkers in the cigarette cohort increased by an aggregate of 14.4% across all BoEs (pooled NSPS vs. usual cigarette; *p* \< .001). Across nonsmoking cohorts, the reduction in NNAL was noticeably less than that of the other urine BoEs ([Figure 3](#F3){ref-type="fig"}). This observation is consistent with the long terminal elimination half-life of NNAL (up to 45 days), thus maximal reduction after 5 days was not expected.^[@CIT0026]^ In blood, COHb was reduced by 71.8% and 69.1% in the pooled NSPS and abstinence cohorts (NS), respectively; COHb increased by 13.3% in the cigarette cohort (pooled NSPS vs. usual cigarette; *p* \< .001).

![Percent change in biomarkers of exposure (mean percent change, Day 5 vs. Baseline).](ntz206f0003){#F3}

Change in Urge to Smoke {#s15}
-----------------------

As illustrated in [Supplementary Figure S1](#sup8){ref-type="supplementary-material"} and [Table S6](#sup6){ref-type="supplementary-material"}, mean urge to smoke initially increased in the abstinence cohort, with maximal difference versus baseline of +28.9 units on Day 2. This increase diminished on subsequent days, with a Day 5 difference of +5.8 units (NS). In contrast, urge to smoke was consistently reduced relative to baseline in the usual-cigarette cohort, with maximal differences on Day 2 of −14.6 units and Day 5 of −11.5 (*p* = .04).

Mean differences in urge to smoke in the NSPS cohorts were intermediate between the usual-cigarette and abstinence cohorts, and trended closer to the usual-cigarette cohort on Day 2. Differences versus baseline in urge to smoke in the NSPS cohorts were not significant on Day 5.

Change in WISDM Scale {#s16}
---------------------

Mean total WISDM scores at baseline ranged from 42.1 to 48.5 across all cohorts, indicating a moderate level of cigarette dependence ([Supplementary Figure S2](#sup9){ref-type="supplementary-material"}). Total dependence scores observed at Day 5 (vs. baseline) decreased in all NSPS cohorts (Difference = −3.46, 5.31) and in the abstinence cohort (Difference = −5.32; *p* = .04); however, there was a smaller decrease in the combustible cigarette cohort (Difference = −1.77). Mean scores in the primary dependence motives scale (automaticity, loss of control, craving, and tolerance) and secondary dependence motives scale (affiliative attachment, cognitive enhancement, cue exposure/associative processes, social/environmental goads, taste, weight control, and affective enhancement) were similar at baseline, ranging from 3.4 to 4.8 across cohorts. Scores were slightly decreased for all cohorts on Day 5, with the smallest decrease noted in the usual-cigarette cohort for both primary dependence motives and secondary dependence motives scales.

Adverse and Serious Adverse Events {#s17}
----------------------------------

There were no serious AEs reported, and no subjects were discontinued due to AEs. There were 16 AEs reported by 14 of 90 subjects (16%) during baseline; the most frequently reported event was headache (*n* = 7; 8%). After randomization, 24 of 90 (27%) subjects across all study cohorts experienced a total of 36 AEs. One AE (irritability, in the smoking abstinence cohort) was moderate in severity and the remaining 35 AEs were mild. The most frequent was presyncope related to blood draws (8%) and all remaining events were experienced by three or fewer (≤3%) subjects overall ([Supplementary Table S7](#sup7){ref-type="supplementary-material"}).

Discussion {#s18}
==========

This randomized controlled study found that after 5 days of substituting NSPS use for combustible cigarettes, the levels of nine clinically relevant non-nicotine BoEs (six primary and three secondary) significantly decreased and these reductions were comparable to those observed with smoking abstinence. The primary hypothesis of demonstrating a significant reduction in the six primary BoEs was successfully demonstrated in 23 of 24 (96%) comparisons at the individual NSPS cohort level (six BoEs and four NSPS cohorts) and in six of six (100%) comparisons at the pooled NSPS level. These results suggest that complete switching to NSPS from combustible cigarettes for 5 days is associated with reduction in tobacco-related BoEs and, by extension, reduced exposure to key carcinogens and other toxicants that present a health risk to smokers. These findings are congruent with results from previous studies of ENDS products that have found substantially reduced levels of BoE and carcinogens among combustible cigarette smokers who switched to ENDS.^[@CIT0004],[@CIT0021],[@CIT0022]^

Over the course of the 5-day confinement period, the usual-brand combustible cigarette cohort experienced a 26% increase in total urine nicotine equivalents and, as expected, the abstinence cohort exhibited a marked decrease. During the study period, there was sustained nicotine intake across the pooled NSPS cohorts. Values in the Virginia Tobacco and Mint cohorts were lower than those observed in the Mango and Creme cohorts, consistent with the amount of product use based on the change in pod weight over the 5 days of the study. Among the NSPS cohorts, the Mango cohort most closely matched the increase in total nicotine equivalents seen in the usual-cigarette cohort, followed by Creme and Mint. This is consistent with data from previous studies demonstrating that flavored (vs. tobacco flavored) ENDS products are preferred by many adult smokers and may influence topography and consumption^[@CIT0027]^; further research is necessary to examine the extent to which flavored NSPS products promote complete switching from cigarettes for adult smokers compared to tobacco flavors, as well as the net impact of flavored products on users and nonusers of tobacco products.

The toxic constituents of smoke from combusted tobacco have been widely described and well characterized.^[@CIT0014],[@CIT0031]^ Other HPHCs are categorized as tobacco-specific nitrosamines, carbonyls, volatile organic compounds, polyaromatic hydrocarbons, and carbon monoxide. Select HPHCs have been identified by the FDA through published notice and guidance in accordance with Section 904 of the Food, Drug and Cosmetic Act. Although HPHCs are typically studied directly in aerosol chemistry, the metabolic analogues measured in human biomarker studies can inform the risk of specific types of diseases associated with HPHC exposure.^[@CIT0017]^ Similarly, the aggregate changes in non-nicotine BoEs among NSPS and smoking abstinence cohorts observed within 5 days after completely abstaining from smoking are consistent with the design of the NSPS, which is temperature regulated to minimize generation of combustion-related degradation by-products. However, long-term studies directly assessing endpoints linked to smoking-related diseases are necessary to determine whether reductions in BoEs will translate into improvements in health.

Although median percent changes in NNN values were similar in the NSPS and abstention groups, unusually high NNN excretion values were noted on Day 5 for three participants in the NSPS and usual-cigarette cohorts, representing increases from baseline of approximately 168%, 426%, and 529%. In each case, the increase in NNN was not consistent with the changes observed for the other BoEs. Similar occasional increases have been reported previously in users of oral and dermal (i.e., patch) nicotine replacement therapies that have been attributed to endogenous nitrosation of nicotine and/or nornicotine in acidic environments (e.g., stomach), or in the presence of bacteria that catalyze nitrosation at neutral pH (e.g., oral cavity).^[@CIT0036]^ The findings of these previous studies, coupled with the significant reductions observed in the other BoE for the subjects in question and lack of NNN increases in any other subjects switching to NSPS products, suggest that it is unlikely that NNN was delivered directly from the NSPS products.^[@CIT0018]^ Further research is warranted to determine what specific factors, if any, may be associated with potential endogenous synthesis of NNN in consumers of ENDS and nicotine replacement therapy products.

Data from the self-reported measures of urge to smoke and nicotine dependence were mixed. The magnitude and direction of changes in urge to smoke varied across the NSPS cohorts; by Day 5 none of the comparisons differed significantly from baseline. Urge to smoke increased in the abstinence group and decreased in the usual-cigarette group; measures for the NSPS cohorts were intermediate but trended more closely to the usual-cigarette cohort, a similarity that may lend to a potential to substitute for usual cigarettes. The urge to smoke observations among the NSPS cohorts are generally consistent with a previous study, which also showed responses varying by ENDS flavor during a similar short-term switch, and the mixed nature of the responses may be due to randomization of the subjects to nonpreferred flavors, which may impact satisfaction.^[@CIT0004]^

As measured by the Brief-WISDM questionnaire, smoking dependence decreased from Day 1 to Day 5, with several of the reductions reaching statistical significance, including the primary and secondary dependence motive scores and the total scores. As these changes were typically small in magnitude, and similar directional changes were also often observed in the smoking and abstinence cohorts, it is unclear whether these changes were the result of actual changes in factors motivating dependence, acute changes in withdrawal symptoms, or the conditions of confinement. However, 5 days may be insufficient to experience changes in nicotine dependence. Lower Brief-WISDM scores were also observed in smokers who were randomized to a 3-week switch to ENDS products compared with subjects who continued to smoke, both at the end of the 3-week switch and at the end of the 3-month follow-up period.^[@CIT0040]^

The results of the study should be interpreted in light of several limitations. First, by design, this study was a short-term, highly controlled (100%) switch from combustible cigarettes to the NSPS or abstinence. Participants and their access to their respective test products were maintained in a controlled environment that may not reflect real-world consumption patterns or participant preferences, as participants were randomized to a particular NSPS flavor cohort and did not choose a flavor based on experimentation or personal preference. Furthermore, the convenience of ad libitum access to products in a clinic setting with fairly limited activities available may have given subjects the opportunity to consume more than they would have in a natural setting where cigarette smoking and vaping are banned in many places. Indeed, subjects randomized to continue smoking self-reported smoking 16.2 cigarettes per day at screening, 18.1 cigarettes per day during the baseline period, and 19.3 cigarettes per day on Days 4--5. That said, the structured environment provided quantitative results in a durable baseline format that may inform future studies on real-world use in which participants have the opportunity to choose their preferred flavor and have access to other tobacco- and nicotine-containing products. Future studies can address impact if any of, race, or other demographic factors on switching from cigarettes to NSPS.

Second, cross-cohort comparisons for BoE were not powered in the study design, and the potential effects of dual use were not examined. Long-term studies that include dual users may elucidate changes in other BoEs, biomarkers of potential harm, or precursors to disease processes that may result from prolonged reduction in exposure to toxicants found in cigarette smoke and determine the effects of dual use on exposure to nicotine and other toxicants.

Last, this study was not designed to evaluate whether there is an increase in non-nicotine BoE exposure in non-tobacco users who initiate NSPS use. This study should not be considered as suggesting that NSPS use is "safe" for non-tobacco of tobacco products.

In conclusion, this study has clearly demonstrated that complete obligatory switching from combustible cigarettes to NSPS for 5 days among a sample of adult smokers resulted in significant reductions in key tobacco-related BoEs, without significant changes in nicotine exposure parameters. These findings suggest that complete switching to NSPS may reduce exposure to key carcinogenic and toxic substances and could serve as a route for potential harm reduction for adult smokers who are unwilling or unable to quit tobacco use. Future research is needed to assess the real-world clinical relevance of changes in these BoEs and toxicant reductions to longer-term disease risk for adult smokers who switch to NSPS.
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